The neutrons from the disintegration of fluorine by deuterons
[Plate 17]
The emission of neutrons from a target of calcium fluoride when bom barded by 3 MeV deuterons was first reported by Lawrence and Livingston (1934) . Early unpublished experiments to determine the distribution in energy of the neutrons from this reaction were made by Bonner and Brubaker in 1935 and later by Stephens and Djanab in 1937, but due to the small yield of neutrons obtained from the reaction, these experiments were not completed. The present experiment was begun because it seemed feasible to measure the energy of the neutrons from this reaction with the high voltage apparatus of the Cavendish Laboratory. A larger yield of neutrons was expected due to the large currents of high-speed deuterons which were available.
The method used to determine the energy of the neutrons is the same as th at previously used (Bonner and Brubaker 1935a , 1936a , Stephens etal. 1937 Bonner 1938) . Recoil protons or recoil helium nuclei are produced in a Wilson cloud chamber which is filled with either methane or helium. When investigating neutrons of high energy, it is advantageous to use a pressure in a cloud chamber of several atmospheres so th at the protons or a-particles of high energy produced in collisions with neutrons will be completely stopped in the chamber. The energy of the recoil particle, usually a proton or a-particle, is readily determined from its range. The neutron energy may be computed from the relation
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where E0 i s the initial energy of the neutron, E the energy given to the nucleus in the collision, M the mass of the nucleus, and 6 the angle between the initial path of the neutron and the trajectory of the nucleus which has been struck. In the case of collisions between neutrons and protons, is 1 and so E = E0c os2 0 ; in the case of the collisions of neutrons with helium 25 E q cos2 6 -Yq E . If recoil protons are measured which are nearly in the forward direction, they have essentially the same energy as the incident neutrons since the value of cos2 6i s nearly unity for Recoils a t larger angles can be used to determine neutron energies if the angle 6 is measured and the appropriate cos2 6 correction applied. However, there are two objections to this second procedure. In the first place an accurate measurement of angle takes more time and is more difficult than an accurate measurement of track length. In the second place serious errors are introduced in such energy measurements by those neutrons which do not proceed directly from the source but are scattered by the material in or around the cloud chamber. Such scattered neutrons occasionally also produce recoils in the cloud chamber and lead to calculated energies of neutrons many of which are too large. In most experiments an accurate determination of the maximum energy of the neutrons is im portant in order th a t the disintegration Q value of the reaction may be calculated; hence such a method is not applicable, since a sharp end point cannot be obtained using this method. An ambiguity in the maximum energy of the neutrons will be especially marked in cases where these neutrons are not as numerous as neutrons of lower energy from the same reaction. The experimental arrangement for getting the high energy deuterons on the target is shown in figure 1 . The ion beam falls on a tungsten shutter at A which becomes heated to a temperature of from about 800 to 1200° C. This shutter is opened for about sec., and so allows a burst of deuterons to proceed to the target at C after being deflected through 90° by the analysing magnet B. Deuteron currents between 80 and 100 juA were ob tained at the target. The timing mechanism was adj usted so th at no deuterons struck the target before the cloud chamber was fully expanded. Preliminary experiments were carried out with a shutter in the beam between the target and the magnetic analyser. In those experiments many old recoil tracks were observed which obscured the good tracks. These old tracks came from neutrons produced in the magnet box, presumably from the disintegration of carbon by deuterons. This difficulty was overcome by putting the shutter in the position A as shown in the diagram. W ith this arrangement no old recoils were observed.
The targets of either CaF2 or K F were held in a brass cup a t the end of the horizontal tube. This cup was insulated by a 3 in. section of glass tubing. The current to the target was detected by the ballistic throw of a micro ammeter. The burst of deuterons could be observed by the fluorescence produced on the target and this was useful in aligning the tube so th at the ion beam hit the centre of the target. The centre of the cloud chamber was placed 25 cm. from the target in such a position th a t the neutrons were Disintegration of fluorine by deutercns observed at an angle of 9 0 + 18° to the direction of the 950 kV deuterons. In most of the experiments the cloud chamber was filled with helium at an expanded pressure of 4 atm. Water vapour was used in these experiments to keep the ratio of helium atoms to hydrogen atoms as large as possible. To investigate the neutrons of low energy, methane at a pressure of 1*5 atm. was used in the chamber.
Stereoscopic pictures of the cloud chamber were taken by the use of a direct and a mirror image. Both images appeared side by side on the same frame of the 35 mm. film. For measurement the cloud chamber tracks were reprojected through the same system of mirror and lens on to a white screen.
R esults 2300 pairs of stereoscopic pictures were taken when either targets of CaF2 or K F were bombarded with 950 kV deuterons. 2100 of these photo graphs were taken with a cloud chamber filled with helium and the remaining 200 with methane in the chamber. In the first series the track lengths of 2000 helium recoils were measured which were projected in nearly the for ward direction (0-12°). Sample photographs of these recoil tracks are shown on plate 17.
The stopping power of the gas in the chamber was determined by using the a-particles from Th C and Th C' for calibration. A weak source of Th B + C + C' was introduced into the chamber before it was filled with helium. Then photographs were taken of the two groups of a-particles from this source. The mean track lengths of the two groups were found to be 1045 + 010 and 5-6 5 + 0-10 cm. The mean range of these two a-particle groups is 8-53 and 4-71 cm., so the computed stopping power is respectively 0-816 and 0-833. W ithin the experimental errors,fliese measurements show the expected change of stopping power with range (Mano 1934). The stopping powers for particles of shorter ranges were computed from the theoretical variation of stopping power as given by Mano. The energies of the helium recoils were obtained from their ranges by the use of the rangeenergy curve of Holloway and Livingston (1938) . Figure 2 gives the distribution in energy of the helium recoils after m ulti plying the energy of the recoils by the factor 25/16 which converts the measurement of energy to that of the neutron. The curve of figure 2 does not give the true distribution in energy of the neutrons because no correction has been made for the variation with energy of the cross-section for colli sions of neutrons with helium atoms. Also a correction needs to be applied for the different probability of measuring tracks of varying length in the cloud chamber. This correction is necessary because the longer range tracks have a greater probability of hitting a wall than do the short tracks.
The curve of figure 2 indicates th at several groups of neutrons with energies of 11-1, 9-7, 7-1, 5-9, 4-1, and 2-6 MeV come from the disintegration of fluorine by deuterons. The group at 2-6 MeV is close to th at expected from the reaction H 2 + H 2->He3 + n1, and so a test run was made under identical conditions with a target of deuterium in place of the target of fluorine. The lower curve of figure 2 shows the distribution in energy of the neutrons from this reaction. Under these experimental conditions the neutrons from the deuteron-deuterium reaction would be expected to have a considerable spread of energy because of the high bombarding energy and because of the large angular aperture. 9 0 + 18°, at which the neutrons were observed. The observed curve is consistent with the expected energy distribution and clearly shows th at the 2-6 MeV group of neutrons from targets of fluorine is not due to deuterium contamination. The measurements of the energy of neutrons were extended to lower values by the results which were obtained when the cloud chamber was filled with methane. The lengths of 450 tracks of protons were measured which recoiled in the forward direction. The distribution in energy of these recoil protons, after correction for the probability of observing tracks of differing lengths, is given in figure 3 . This distribution confirms the groups of neutrons at 2-6 and 4-1 MeV and shows th at there is also a group of lower energy at 1*5 MeV.
energy of neutrons (MeV)
The neutrons which are observed are attributed to the nuclear reaction (1) F 19 + H 2->Ne20 + w1 + # 1.
For a comparison with the experimental results shown in figures 2 and 3, a theoretical curve is given in figure 4 showing the distribution in energy of the recoils from the group of neutrons from fluorine with an energy of 6*0 MeV. In this calculation we have assumed an exponential excitation function, doubling every 100 kV, and spherical symmetry in centre of mass co ordinates for collisions between neutrons and helium nuclei. Curve A gives the distribution in energy for those recoils which are measured in the forward direction (0-12°) as calculated for neutrons observed exactly at 90° to the bombarding deuterons. In curve B we have taken into account th at neutrons were observed at an angle of 90 + 18° and also have corrected for the pure range straggling of the recoil helium nuclei of this energy. We have further calculated from the amount of material in the cloud chamber th at about 15 % of the neutrons which traverse the cloud chamber have been elastically scattered in the walls or neighbouring material and come from a random direction. The small fraction of recoils from these scattered neutrons which are measured will produce a tail on the low-energy side of the group of recoils. The inclusion of these recoils is not serious as the intensity is only approximately 1 % of the unscattered effect. Curve B gives approximately the shape of a group of recoils under our experimental conditions. When we compare the expected distribution with the curves of figures 2 and 3, we see th a t the experimental curves can be explained by discrete groups of neutrons with energies of 11 1, 9-7, 7-1, 5-9, 4-1, 2*6 and [1] [2] [3] [4] [5] MeV. There appears to be no evidence for a continuum of neutrons from this disintegra tion. Fluorine has only one isotope and so the only other reactions energetic ally possible for the production of neutrons are (2) F 19 + H 2 -> O16 + He4 + w1 -f 6-0 MeV (3) F 19 + H 2 -> Ne20* + n1 Ne20*->O16 + He4.
From reaction (2) we should expect a continuous distribution in energy of the neutrons and very few neutrons with energies above about 3 MeV. If this reaction takes place it must be weak in comparison to reaction (1). The distribution in energy of the neutrons from reaction (3) in general would be quite similar to th a t from reaction (1) except th at a group of neutrons might be broadened if the lifetime of the excited Ne20 is sufficiently short. A discussion of this possibility will be deferred to a later portion of this paper.
Calculation of th e Q values
The disintegration Q values of the reaction were determined from an in tegral range-number curve. Figure 5 gives the integral range-number curve for recoils in helium which have a track length greater than 2-7 cm. The extrapolated ranges of the groups of recoils were determined from the extra polated track lengths by multiplying by the appropriate stopping power. Curves similar to th at of figure 5 were made for the groups of neutrons of lower energy and a summary of the data is given in table 1. The disintegra tion Q values were calculated from the extrapolated ranges by the method of Livingston and Bethe (1937) . These Q values are also given in table 1. The neutrons of maximum energy correspond to the case where the Ne20 is left in its normal state. The experimental value of = 10-80 ± 0-20 MeV agrees quite closely with the value of Qx = 10-72 + 0-20 MeV as ca isotopic masses of F 19, H 2, Ne20, and n1. The other Q values correspond to excited states of Ne20 at 1-5, 4-2, 5-4, 7-3, 9-0 and 10-1 MeV. The dissociation energy necessary to break Ne20 into 0 16 + He4 is only 4-73 MeV, so we see th at the excited states of Ne20 above this energy are unstable against emission of a-particles. The highly excited states might be expected to break up before a y-ray is emitted, unless we invoke selection rules to prohibit the disintegration of Ne20* into 0 16 + He4. The experimental results indicate th at the level in Ne20 a t 10*1 MeV is not wider than 0-2 or 0-3 MeV. We can get a rough idea of this expected width from the uncertainty relation
A E .A T^n ,
where A E is the width of the nuclear level and is the time the excited Ne20 exists before breaking up into 0 16 + He4. Since an a-particle in such an excited Ne20 is very near the top of the coulomb barrier, the lifetime can be estimated from the relation ATpaRjv,
where v is the velocity of the a-particle in the Ne20* and R is the nuclear radius. If we take a value of R -5-4 x 10~~13 cm. and assu velocity of 1/20 th at of the velocity of light, we get a value of 1*6 MeV. Since this value may be considered only as a rough upper limit to the value of AE,it does not seem to make necessary the use of selection rules for bidding the disintegration into O16 -f He4. I t is reasonable th at the actual width is smaller than the estimated since the estimate does not take into account the internal rearrangements necessary for the formation of the a-particle. The level in Ne20 a t 10*1 MeV may be much narrower than the limit set by experiment and, if this be true, selection rules must prevent the disintegration into O16 + He4.
In view of the considerations given above, it would be especially interesting to investigate the y-rays and a-particles from this reaction so th a t one could tell whether a y-ray or an a-particle is emitted by the excited Ne20. Burcham and Smith (1938) have found five groups of a-particles from the disintegra tion of fluorine by deuterons, but from energy considerations it is apparent th a t these a-particles were correctly attributed to the reaction F 19 + H 2->0 17 + He4+ 10-1 MeV.
They also found a group of a-particles with a range of 2-8 cm. which they attributed to carbon contamination. This is just the range of a-particles which would be produced if the Ne20, excited to the 10-1 MeV level, broke up into 0 16 + He4. Further experiments are needed to see if this 2*8 cm. group is partly due to fluorine.
A highly excited level in Ne20 has been observed in a different type of experiment. A resonance in the scattering of 5-8 MeV a-particles in oxygen has been observed independently by Brubaker (1938) and by Devons (1939) . An excited level in Ne20 a t about MeV is indicated by these experiments. The energy of this level is not very accurate and it may reasonably be assumed to correspond to either the 9 0 or 10-1 MeV level which was found in our experiments. The true distribution in energy of the neutrons has been computed by using the known variation with energy of the cross-section for the collision of neutrons in helium and hydrogen (Staub and Stephens 1939; Bethe and Bacher 1936) . Such a corrected distribution is shown in figure 6 . This curve shows th a t the most probable groups of neutrons from the reaction are those at 2-6 and 4-1 MeV. The distribution curve seems to decrease in intensity for both larger and smaller energies, and one naturally thinks th a t this most probable energy may be related to the nuclear temperature of the highly excited intermediate Ne21. For a comparison with the experimental distribution, a curve of the form NdE = eĩ s used. This relation was derived by Weisskopf (1937) for the distribution in energy of neutrons for closely spaced nuclear levels. This assumption is not satisfied in the present case. Nevertheless, the general idea of tem perature advanced by Bohr may apply and the presence of an exponential factor in the energy distribution may be expected since energy levels which Vol. 174. A.
are not too widely spaced should approximate the picture of closely spaced levels. The best fit was obtained for a value of the nuclear temperature r = 2-5 MeV and this distribution is th at of curve A in figure 6 . Although good agreement with the experimental curve is obtained with a value of r = 2-5 MeV, we think th at this nuclear temperature should not be taken too seriously, because it is uncertain whether this theoretical distribution should be applied to the experimental distribution which appears to be composed of discrete groups of neutrons. A reasonable fit can also be obtained by a distribution of the form NdE = e-E> T{E)UE.
The best fit for this distribution was obtained for a value of r = 4 MeV and the resulting curve is shown as B of figure 6. The fact th at agreement is obtained in both these cases shows that agreement with experiment is not very dependent on the power of E assumed, showing th at the exact mech anism of escape is not very important for the fit. Of course, a different nuclear temperature is obtained depending on the power of E which is used.
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Summary
The neutrons from the disintegration of fluorine by deuterons have been investigated by the method of observing helium or hydrogen recoils in a high pressure cloud chamber. When targets containing fluorine were bom barded with 950 kV deuterons, several groups of neutrons were observed. The disintegration Q values computed from the energies of the neutron groups are 10-80, 9-33, 6-62, 5-39, 3-53, 1-84 and 0-74 MeV. The nuclear reaction appears to be (F19, H 2, Ne20, n1). The disintegration value Q = 10-80 + 0-20 MeV corresponds to a transition to the ground state of Ne20 and smaller Q values indicate excited states in Ne20 at 1-5, 4-2, 5-4, 7-3, 9-0 and 10-1 MeV. Only a small fraction of the neutrons belong to the group of maximum energy. The excited states in Ne20 at 5-4, 7-3, 9-0 and 10-1 MeV are unstable against a-particle emission and so they may break up into O16 and an a-particle. The experimental width of the level in Ne20 a t 10-1 MeV appears to be not greater than about 0-2 or 0-3 MeV.
